Using the retrograde fluorescent tracers Fast Blue and Diamidino Yellow we have studied the callosal and ipsilateral corticocortical connections between the cat's area 17118 border region and the posteromedial lateral suprasylvian visual area (PMLS), as well as the callosal connections of each of these regions with its contralateral homologue. The main goal was to determine whether single cortical neurons project with branching axons to more than one cortical target. In addition, the double-labeling technique enabled us to examine, within a single section of cortical tissue, the relative distributions of neurons with different cortical targets. Most corticocortical neurons labeled in the area 17/18 border region and in area PMLS projected to only one of the cortical injection sites tested. When two callosal neuron types were labeled in the same area, no double-labeled neurons were found. When ipsilateral corticocortical and callosal neurons were labeled in combination, a few double-labeled neurons were found in both cortical regions examined.
neurons with multiple projections demonstrated in this study reflects the high degree of specificity of cortical connectivity. This anatomical organization may be the basis for a precise channeling of differential information at the single neuron level.
Each of the cat's numerous cortical representations of the visual hemifield is interconnected with many other cortical areas in both hemispheres. Two strongly interconnected regions which have been the subject of intensive anatomical, physiological, and behavioral studies are the area 17/18 border region and the posteromedial lateral suprasylvian area (area PMLS) of Palmer et al. (1978) . The existence of extensive interconnections contrasts with the many differences between these two areas. Areas 17 and 18 receive their primary thalamic input from the lateral geniculate nucleus (LGN). The main subcortical input of area PMLS is from the striate recipient zone of the lateral posterior complex (Raczkowski and Rosenquist, 1983) . The receptive field properties of neurons in these areas reflect these differences in thalamic inputs. In contrast to the small, finely tuned receptive fields of areas 17 and 18, area PMLS receptive fields are relatively large and unselective for stimulus orientation, and most respond poorly to stationary stimuli (Spear and Baumann, 1975; Camarda and Rizzolatti, 1976) . In addition, these regions apparently make very different contributions to visual processing. One very important function of areas 17 and 18 appears to be the fine analysis of visual detail. Lesions of areas 17 and 18 in cats result in a reduction in visual acuity (Berkley and Sprague, 1979) . Area PMLS appears to be part of a group of extrastriate visual areas important for form discrimination and the interhemispheric transfer of visual learning (Sprague et al., 1977; Berlucchi et al., 1979) , or may even contribute to the cortical control of eye movements (Spear et al., 1983) .
In this study, we have used the fluorescent tracer techniques developed by Kuypers and colleagues (Kuypers et al., 1977; Bentivoglio et al., 1980; Keizer et al., 1983) to study the connections between the cat's area 17/18 border region and area PMLS. It is known that the area 17/18 border region and area PMLS are callosally connected with their homologous contralateral regions. In addition, strong callosal and ipsilateral connections exist between the area 17/l 8 border region and area PMLS. It is also known from retrograde transport studies using horseradish peroxidase (HRP) (e.g., Gilbert and Kelly, 1975; Shatz, 1977; Keller and Innocenti, 1981; Segraves and Rosenquist, 1982b; Symonds and Rosenquist, 198413 ) that corticocortically projecting neurons can have a specific laminar distribution depending upon the area to which they project. For example, in area PMLS, layer VI is the primary origin for ipsilateral and contralateral projections to the area 17/18 border region, whereas layer Ill is the main source of projections to contralateral PMLS. In other cases, however, the laminar distribution of neurons Vol. 5, No. 8, Aug. 1985 (Kuypers et al., 1977; Bentlvogllo et al., 1980; Keizer et al., 1983) . These classes were: (I) homotopic callosal projections-connecting homologous areas In opposite hemispheres, for example, the left area PMLS with the right area PMLS; (2) heterotoplc callosal projections-connecting heterologous areas in opposite hemispheres, for example, the left area PMLS with the right area 17/ 18 border; and (3) ipsilateral corticocortical projections between the area 17/ 18 border region and area PMLS within the same hemisphere.
Given the three classes of prelections examined, neurons either in the area 17/18 border region or in area PMLS could be tested for their pro]ection to each of the three possible pairs of targets using four combinations of inJectIons illustrated In Figure 1 .
Techniques. Data from seven cats are included in this report. Each cat was anesthetized with sodium pentobarbital (40 mg/kg) and then given 0.2 mg of atropine sulfate subcutaneously.
Two skull openings were made exposing the Intended Injection sites. One milliliter of 2% lidocaine was injected into the skin and muscle was cut to expose the skull. One milliliter of penicillin was injected intramuscularly.
In an effort to optimize the possibilities for double labeling of neurons with branching axons, we attempted to include large and equivalent portions of the visual field representation within the two cortical injection sites. Typically, five inlections at 1 -mm intervals rostrocaudally were made in each of the two regions of interest. Injections In the area 17/l 8 border region were meant to include the vertical meridian and area centralis representations, and were located along the crown of the lateral gyrus between stereotaxlc levels posterior 4.0 and anterior 2.0. Inlectlons in area PMLS were meant to include the vertical mendjan and area centralis representations of PMLS and Involved as much as possible of the medial bank and fundus of the middle suprasylvian sulcus between stereotaxrc levels posterior 3.0 and anterior 2.0. (Keizer et al., 1983 17, 18, and PMLS (Rosenquist et al., 1974; LeVay and Gilbert, 1976) , and each of these projections IS retinotopically organized (Raczkowski and Rosenquist, 1980; Tong et al., 1982) . Thus, the distributions of Fast Blue-and Diamidino Yellow-labeled neurons in the C-laminae provided a direct comparison of the relattve size and retinotopic correspondence of the two injection sites. In addition, the distnbuttons of Fast Blue-and Diamidino Yellow-labeled neurons within an area that we intended to study were compared to ensure that there was substantial overlap between the two neuron populations.
This comparison was accomplished with the aid of a computer.
For each of a series of brain sections, labeled neurons were projected onto a line, parallel to the cortical surface, running midway between white matter and cortical surface. A histogram was then constructed for each section showing the density dlstnbut!on of labeled neurons along this line. Histograms from a series of adjacent sections were aligned along a rostrocaudal axis corresponding to the midpoint of the crown of the lateral gyrus for areas 17 and 18, and to the fundus of the middle suprasylvlan sulcus for area PMLS. This provided maps of the drstributions of labeled neurons in these two areas. A comparison of the aligned histograms for Fast Blue-and Diamidino Yellow-labeled neurons in each animal revealed whether or not there was extensive overlap between the two neuron populations.
Selected sections from the regions of highest overlap of Fast Blue and Diamidino Yellow labeling were plotted using a fluorescence microscope with computer-driven X-Y stage. The step size of the computer-driven X-Y stage was 1 pm, thus allowing us to plot the distributions of Fast Blue-and Diamidino Yellow-labeled neurons wlthln a single brain sectlon with very high resolution.
To ensure that Fast Blue and Diamidino Yellow had the potential to yield a high percentage of double labeling, superimposed injections of the two dyes were made in the cortex of several mice. Within the region of most intense thalamic neuron labeling in these preliminary experiments, we found that 100% of the neurons were double labeled.
The borders between laminae were determined in Nissl-stained sectlons using the criteria of Otsuka and Hassler (1962) for areas 17 and 18 and Sanides and Hoffman (1969) for area PMLS. The border between areas 17 and 18 was also determined from Nissl-stalned sections. The border of area PMLS has not been defined based upon architectonic criteria. In aqreement with the electrophysiological map of Palmer et al. (1978) , we defined area PMLS as the region of cortex located on the medial bank of the middle suprasylvian sulc~s extending from the fundus to the medial lip of the middle suprasylvian sulcus and rostrocaudally from approximately anteroposterior level +9.0 to the Junction of the middle and posterior suprasylvian sulci.
Results
Results from a total of seven cats are included in this report. Two cats received area 17/18 border region and area PMLS injections in the same hemisphere.
Bilateral area 17/18 border or area PMLS injections were made in two pairs of cats. In one additional cat, the area 17/l 8 border region and area PMLS were injected in opposite hemispheres.
Our criteria for including an animal in this study were as follows.
Our first criterion was that there be no labeling of LGN A-laminae by the area PMLS injection. the distributions of neurons projecting to ipsilateral area PMLS and to the contralateral area 17/18 border, and for the right area PMLS, the distributions of neurons projecting to the ipsilateral area 17/18 border region and to the contralateral area PMLS. This material was taken from the same animal illustrated in Figure 2 . Note that there is a great deal of overlap between the two neuron populations in both instances. Arrows in Figure 3 indicate the positions of sections chosen for plotting with the computer-interfaced microscope and illustrated in Figures 4C and 5C . The rostrocaudal extent of the region of overlap of the two labeled neuron populations ranged from 1800 to 9600 lrn in these experiments, with a mean rostrocaudal overlap of 4200 grn.
Neurons with homotopic and heterotopic callosal projections in areas 7 7 and 78. When neurons with homotopic callosal projections and neurons with heterotopic callosal projections were labeled in areas 17 and 18 (Fig. 4A) , both neuron types were distributed in two distinct subzones (Innocenti, 1980) : a superficial subzone consisting of layer ll/lll and upper layer IV, and a deep subzone within layers V and VI. The distributions of the two neuron types were closely overlapped, both tangentially and within laminae. A notable difference was that, in the superficial subzone, neurons with homotopic callosal projections were distributed within the bottom half of layer II/Ill and the upper part of IV, whereas neurons with heterotopic callosal projections were restricted to the deep half of layer 1l/lll in this region. Although a direct comparison could only be made in the two cats receiving injections at the area 17/18 border region and area PMLS in the same hemisphere, this pattern of distribution is also clear for neurons with heterotopic callosal projections in Figure  48 and for neurons with homotopic callosal projections in Figure 4C . Within the deep subzone, most labeled neurons were located in layer VI with an occasional neuron found in layer V. There was no apparent tangential segregation or clustering of these two callosal neuron types. Fast Blue-and Diamidino Yellow-labeled neurons were often found immediately adjacent to one another. However, no double-labeled neurons were found in areas 17 or 18 in either of the two animals in which areas 17, 18, and PMLS were injected in the same hemisphere. Without exception, each labeled neuron maintained only one of the two callosal projections examined in this experiment.
Neurons with ipsilateral corticoconical and heterotopic callosal projections in areas 77 and 78. Bilateral injections of area PMLS enabled us to compare, at the area 17/18 border, the distributions of neurons with projections to ipsilateral area PMLS to those with projections to contralateral area PMLS (Fig. 48) . As expected, neurons with ipsilateral projections were distributed throughout layer ll/lll, with a few additional neurons scattered in layers IV, V, and VI. Labeled neurons located below the layer III/IV border were primarily found in area 18. Heterotopic callosal neurons, as described above (Fig. 4A ), were primarily above the layer III/IV border. The two neuron types were intermixed in layer ll/lll. No tangential segregation was evident within the region where ipsilaterally and contralaterally projecting neurons overlap.
In the other cat receiving bilateral area PMLS injections, rpsilaterally projecting neurons in the peripheral visual field representation of area 17 were grouped into clusters in some sections. However, this pattern of labeling was not present within the region where callosal neurons were labeled. Although none are illustrated in Figure 46 , one double-labeled neuron was found in area 18 of an adjacent section from this experiment. This single double-labeled neuron was the only one found within 19 sections that we examined in the region of good overlap between Fast Blue and Diamidino Yellow labeling. Each of the 19 sections examined had a density of labeled neurons similar to that of the section illustrated. A total of three double-labeled neurons were found within area 18 near the area 17/18 border in the other cat receiving bilateral area PMLS injections. These three neurons were found within a total of 37 sections taken from both hemispheres and showing good overlap of Fast Blue and Diamidino Yellow labeling in the area 17/l 8 border region.
Neurons with ipsilateral conicocortical and homotopic callosal projections in areas 77 and 78. Injections of ipsilateral area PMLS and the contralateral area 17/18 border region enabled us to compare the distributions of neurons projecting ipsilaterally to area PMLS to those with callosal projections to the area 17/18 border (Fig. 4C) . The distributions of the two neuron types in the area 17/18 border region were similar. As described for Figure 4 , A and B, the positions of ipsilateral projection neurons extended superficially in layer II/Ill up to the border between layers I and II, whereas neurons with homotopic callosal projections were located in lower layer Ill as well as in upper layer IV. A single double-labeled neuron is indicated at the layer III/IV border of area 18 (asterisk in low-magnification section of Fig. 4C ). One additional double-labeled neuron was found in area 17 of another section from this animal. These two double-labeled neurons were found within a total of 15 sections examined within the region of good overlap of Fast Blue and Diamidino Yellow labeling in the area 17/18 border region.
Neurons with homotopic and heterotopic callosal projections in area PALS. The section illustrated in Figure 5A provides a clear demonstration of the differences in laminar distributions of callosal neurons projecting to area PMLS versus those projecting to the area 17/18 border. Homotopic callosal neurons are located primarily in layer Ill, but also in layers,\/ and VI. Heterotopic callosal neurons projecting to the area 17/18 border are located almost exclusively in layer VI. It is noteworthy that, in the deep layers, neurons with homotopic callosal projections are spread throughout both layers V and VI, whereas heterotopic neurons are restricted to layer VI. This general pattern is also seen for neurons with heterotopic callosal projections in Figure 5B and for neurons with homotopic callosal projections in Figure 5C . As was the case for areas 17 and 18, no double-labeled neurons were found in area PMLS when homotopic and heterotopic callosal projection neurons were labeled simultaneously.
Neurons with ipsilateral corticocortical and heterotopic callosal projections in area PMLS. Bilateral injections of the area 17/18 border region (Fig. 58) labeled neurons with heterotopic callosal and ipsilateral corticocortical projections in area PMLS. These two neuron types were intermixed and were most common in layers V and VI. A single double-labeled neuron is illustrated in Figure 5B (high and low magnification); in this experiment a total of three double-labeled neurons were found within 11 sections in area PMLS of the left hemisphere, and one double-labeled neuron was found in the right area PMLS. The other cat receiving bilateral area 17/18 border Injections had the highest number of double-labeled neurons in this study. Figure 6 contains a computer-microscope plot of the sectlon with the highest frequency of double labeling from that experiment. All Dlamidino Yellow-, Fast Blue-, and double-labeled neurons were counted In the region extending from the fundus to the medial edge of the middle suprasylvian sulcus. In total there were 422 Diamtdlno Yellow-labeled neurons, 53 Fast Blue-labeled neurons, and 8 double-labeled neurons. Thus, within the section illustrated, 1.9% of the neurons projecting ipsilaterally to the area 17/l 8 border region also sent an axon collateral to the same cortical region in the opposite hemisphere, and 15.1% of the neurons projecting contralaterally also maintained an ipsilateral projection. As In every other case studied, there was no apparent tangential segregation of the two neuron types.
Neurons with ipsilateral corticocortical and homotopic callosal projections in area PALS. Following injections of the ipsilateral area 17/l 8 border region and contralateral area PMLS (Fig. 5C) , neurons in PMLS labeled by Injections of the lpsilateral 17/l 8 border region were found most frequently in layers V and VI but were also present In layers II, Ill, and IV. PMLS neurons labeled by the injection of contralateral PMLS were most prevalent in layer Ill but were also present in layers II, V, and VI. Despite differences in their primary laminae of origin, the distributions of these two neuron types overlapped in layers Ill, V, and VI. No double-labeled neurons were found in the section illustrated. Only one double-labeled neuron was found in nine sections examined within the region of good overlap of Fast Blue and Diamidino Yellow labeling. The two neuron types did not appear to be tangentially segregated.
Discussion
The results of this study imply that most corticocortical neurons in the cat area 17/18 border region and in area PMLS establish selective projections to a single cortical area. We made large multiple injections that produced regions of overlap between the two fluorescently labeled neuron populations that extended an average of 4200 pm (range of 1800 to 9600 pm) in the rostrocaudal dimension. Within these regions of overlap, the laminar distributions of neurons with different projections were often quite similar, and individual neurons with differing projections were frequently found immediately adjacent to one another. In every case, double-labeled neurons were rare, or even nonexistent. At the area 17/18 border and in area PMLS no neurons could be double labeled by simultaneous Injections of these two regions In the contralateral hemisphere in two cats. However, in both regions a few neurons could be double labeled by combined ipsilateral and contralateral injections. At the area 17/18 border, a total of SIX double-labeled neurons were found in a total of three cats injected; five of these double-labeled neurons were in area 18. In area PMLS, the most common type of double-labeled neuron was one projecting bilaterally to the area 17/l 8 border region. The highest frequency of double labeling found in a total of two cats examined with bilateral area 17/18 border injections was 8 double-labeled neurons in a total of 475 labeled neurons (1.7%) in a single section through area PMLS. In the single cat with injections of the ipsilateral area 17/18 border region and contralateral area PMLS, only one double-labeled neuron was found in area PMLS.
Evidence suggesting a relative scarcity of branched corticocortical axons does not coincide with the pattern of axonal connections in, other parts of the visual system. Branched axons appear to be much more common in the retinofugal, thalamocortical, and visual corticofugal systems (Bullier et al., 1984a; Kaufman et al., 1984 ; see reviews by Giolli and Towns, 1980, and Swadlow, 1983) . In our richest case of double labeling (Fig. 6) , only 15% of the neurons with contralateral projections also sent branches ipsilaterally. In contrast, studies of the visual corticofugal system indicate that 50% of corticopontine neurons send a branch to the superior colliculus, and 40% of corticotectal neurons send axon collaterals into the thalamus (Gibson et al., 1978; Swadlow and Weyand, 1981) . However, several other studies are in agreement with our finding that most corticocortical neurons project to only one cortical area. Gilbert and Wiesel (1981) , by using fluorescent tracers, found that neurons in area 17 projecting to areas 18 or 19 belonged to distinct populations. Schwartz and Goldman-Rakic (1982) found that 95% of the neurons labeled by fluorescent dyes in macaque cortex projected to only one of the three cortical termination sites they tested. Using antidromic activation in rabbit visual cortex, Swadlow and Weyand (1981) were unable to find corticocortical neurons with branched axons. A recent study with fluorescent tracers by Bullier et al. (198413) indicates that, with a few exceptions, corticocortical neurons projecting ipsilaterally within cat visual cortex do not branch. In addition, these authors found that, among the several visual areas examined, areas 17 and 18 have the smallest number of ipsilaterally projecting corticocortical neurons with branched axons. Our comparison of ipsilaterally and contralaterally projecting neurons is in agreement with their findings. We found greater numbers of double-labeled neurons in area PMLS than in areas 17 or 18.
We have examined only three possible projections. The area 17/ 18 border region projects to about six contralateral visual areas and to at least six ipsilateral areas (Segraves and Rosenquist, 1982b; Symonds and Rosenquist, 1984a) . Area PMLS projects to nine contralateral visual areas and to at least seven ipsilateral ones. In addition, there are numerous corticofugal projections, including, for example, those to the dorsal LGN, the medial interlaminar nucleus, the lateral posterior complex, and the superior colliculus (Gilbert and Kelly, 1975; Updyke, 1977 Updyke, , 1981 . It is quite possible that the neurons that we have labeled send axon collaterals to one or more of these other termination sites. These possibilities remain to be investigated. However, Weber et al. (1983) have recently found that only 1 to 5% of Fast Blue-labeled corticotectal neurons in areas 17 and PMLS were labeled by Nuclear Yellow injections throughout the contralateral visual cortex.
In spite of the above limitations, cortical neurons appear to have a high degree of selectivity for other cortical targets. This selectivity seems to be acquired early in ontogenesis (Innocenti and Clarke, 1983) . What could its function be? The selective projections could maintain a precise channeling of differential information to different cortical targets down to the single neuron level. On the other hand, there may in fact be a redundancy of processing among adjacent neurons with different termination sites. It will certainly require more intensive physiological studies to reveal processing differences that complement the anatomical differences. It should also be noted that the existence of extensive branching in corticocortical projections would not necessarily cause the same patterns of impulses to be sent to multiple cortical areas. Studies of impulse conduction in branched axons have shown that substantial differences can exist between the patterns of impulses conducted through branches of the same parent axon (Grossman et al., 1973; Swadlow et al., 1980; Swadlow, 1983) .
Regarding the laminar distributions of the three corticocortical neuron types, our fluorescent tracer data are in agreement with existing HRP studies (for example, Gilbert and Kelly, 1975; Shatz, 1977; Keller and Innocenti, 1981; Segraves and Rosenquist, 1982a, b) and are summarized in Table I . In the area 17/l 8 border region, neurons projecting ipsilaterally to area PMLS are primarily distributed throughout layer ll/lll with a few neurons in layers IV, V, and VI. Most of the homotopic and heterotopic callosal neurons in the area 17/ 18 border region are in the lower half of layer ll/lll or in upper layer IV, but a few are also found in other layers, most consistently in layer VI. Callosal neurons in layer VI of areas 17 and 18 had previously not been visualized by HRP injections into the suprasylvian region (Keller and Innocenti, 1981) . In area PMLS, neurons projecting ipsilaterally to the area 17/18 border region are located primarily in layers V and VI but are also found in smaller numbers throughout layers II and Ill, as well as in layer IV. Homotopic callosal neurons are and Goldman-Rakic (1982) who found that fluorescent labeled callosal and ipsilaterally projecting neurons were always intermixed-not segregated in areas of the macaque's frontal, parietal, and cingulate cortex. Gilbert and Wiesel (1981) found that neurons in area 17 projecting ipsilaterally to areas 18 or 19 were roughly coextensive.
Our results appear to conflict with previous studies which have found clusters of ipsilaterally projecting neurons in cat area 17 and in area PMLS Wiesel, 1980, 1981; Bullier et al., 1984b; Symonds and Rosenquist, 1984a) and clusters of homotopic callosal neurons in areas 18 and PMLS (Lamont and Colonnier, 1978; Segraves and Rosenquist, 1982b) .
However, it is probable that the large multiple injections used in our experiments to ensure an extensive overlap of topography between injection areas were inappropriate for demonstrating the clustering of corticocortical neurons reported in previous studies. HRP injections of 0.5 ~1 are already large enough to obscure the banding pattern of ipsilaterally projecting neurons in cat area 17 (Gilbert and Wiesel, 1980) . In the squirrel monkey (Tigges et al., 1981) small Injections of HRP demonstrated a clustered pattern of ipsilaterally projecting neurons in area 17, whereas large injections obscured this pattern.
In the present study, large injections were used to ensure the highest possibility of labeling axon collaterals. An important next step will be to make much smaller paired injections to examine the organization and interrelationships of various corticocortical neuron types at a finer level.
